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ABSTRACT

SAFIR is a large (10 m-class), cold (4-10 K) space telescope for wavelengths between 20 microns and 1 mm. It will
provide sensitivity a factor of a hundred or more greater than that of Spitzer and Herschel, leveraging their capabilities
and building on their scientific legacies. Covering this scientifically critical wavelength regime, it will complement the
expected wavelength performance of the future flagship endeavors JWST and ALMA. This vision mission will probe the
origin of stars and galaxies in the early universe, and explore the formation of solar systems around nearby young stars.
Endorsed as a priority by the Decadal Study and successive OSS roadmaps, SAFIR represents a huge science need that is
matched by promising and innovative technologies that will allow us to satisfy it. In exercising those technologies it will
create the path for future infrared missions. This paper reviews the scientific goals of the mission and promising
approaches for its architecture, and considers remaining technological hurdles. We review how SAFIR responds to the
scientific challenges in the OSS Strategic Plan, and how the observatory can be brought within technological reach.

I. INTRODUCTION

1.1 Summary

A 10 m-class cold telescope equipped for infrared science, and envisioned to begin development late in the decade, the
Single Aperture Far Infrared Observatory (SAFIR) is truly the next generation facility-class infrared telescope. With a
light collecting power two orders of magnitude larger than any existing infrared telescope, and new generation infrared
arrays at the focal plane that dramatically multiply its observing efficiency and effectively harness a spatial resolution
that rivals that of ground-based optical telescopes, SAFIR offers great promise. The National Academy of Sciences
Decadal Review identified SAFIR as a high priority successor to Spitzer, and an important scientific partner to JWST
and ALMA. Responding to the science community, the telescope has been identified as a key element in roadmaps of the
NASA Office of Space Science. SAFIR represents a convergence of fundamental science need coupled with emerging
technological feasibility.

1.2 Background of the Vision Mission Study

The SAFIR concept embraces that of other large infrared telescopes that have recently been proposed, such as FAIR and
DART. NASA, industry, and the greater science community have invested strongly in the concept for several years. This
investment has culminated in the selection of SAFIR for a Vision Mission study that is now in progress. Our study team

includes formal members from four NASA centers, with GSFC and JPL providing leadership on science trades and
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engineering requirements, MSFC evaluating primary mirror materials, and JSC exploring human-aided deployment
options. Team members include Ball Aerospace, Boeing, Lockheed-Martin, and Northup-Grumman, bringing a wide
range of state-of-art technical and engineering expertise to the program. It includes key members of the Spitzer, Herschel
and SOFIA programs. As a cold, large aperture far infrared space telescope, SAFIR is viewed by the far infrared and
submillimeter community plan as a consensus priority (see the Community Plan for Far IR-Infrared and Submillimeter
Astronomy, “ Second Workshop on New Concepts for Far-Infrared/Submillimeter Space Astronomy,” March 2002,
College Park, Maryland) and a critical part of the scientific and technical path that will lead to highly capable far infrared
interferometers such as SPECS. The process that has led to this consensus represents true partnership between agency
and community. A powerful tool for studying the universe from the youngest, most distant galaxies to the details of star
and planet formation nearby, SAFIR addresses four enterprise objectives of the NASA Office of Space Science.

With performance baselined for the 20-800 micron wavelength range that is termed the mid- and far-infrared through
submillimeter, SAFIR is poised to bridge the 1.5 decades of the spectrum between JWST and ALMA. It will enhance the
return on these facilities by unifying the disparate views they will give us on the cosmos. This broad part of the
spectrum, which includes the energy peak of galaxies and newly forming stars, critical cooling lines for interstellar
clouds, and light molecular tracers, has been chronically unexplored due to the opacity of the Earth’s atmosphere across
the entire spectral region. Making the job challenging is that at these long wavelengths, spatial resolution that is required
to distinguish target sources requires large apertures, and the highest sensitivity requires operation at the lowest
temperatures.

1.3 SAFIR in the Context of Infrared Astronomical Investments

The field of far-infrared astronomy began fifty years ago, with balloon, aircraft, and sounding rocket explorations of the
astronomical sky (Soifer and Pipher 1978). The low resolution all-sky survey completed by the 57 cm liquid helium-
cooled IRAS telescope (Beichman et al 1988) brought infrared astronomy to the fore, highlighting the richness of the sky
at these wavelengths. Coupled with higher resolution studies by the balloon and airborne observatory programs that
offered opportunities to near-space conditions with a wide variety of astronomical imagers and spectrographs, the field
rapidly matured. These programs included the 91 cm Kuiper Airborne Observatory (KAO). While its sensitivity was
limited by the stratospheric ambient temperature and atmospheric absorption, the KAO allowed regular access to the
infrared sky, a strategic blessing for a field in which sensor technology was rapidly growing in capability and
sophistication. From 1995 to 1998, the Infrared Astronomical Satellite (ISO) of ESA (Kessler et al. 1996) operated as a
cryogenic infrared space observatory. While ISO had a primary mirror size that was comparable (60 cm) to that of IRAS,
the improved and diffraction-limited pixels took full advantage of the spatial resolution that was offered. ISO offered a
pointed observing mode, and a suite of instruments including high resolution spectrometers. Most recently, the success
of the Spitzer Space Telescope (formerly SIRTF — see Gallagher, Irace, and Werner 2003) has been a crowning
achievement for the infrared community. With a 0.85 m aperture, and a sophisticated suite of instruments that include
state-of-art detectors, this cryogenic facility-class telescope is dramatically improving our view of the far infrared sky.
The Japanese mission Astro-F, scheduled to be launched in 2005, is similarly sized to IRAS, but will carry out a far
infrared survey with a focal plane that is dramatically improved over that of IRAS in format and sensitivity.

With the ISOPHOT and MIPS cameras (on ISO and Spitzer respectively) reaching out to the photoconductor limit near
200 pm, the full mid and far infrared will have been explored from space. Such efforts for submillimeter bands
inaccessible from the ground are still in relative infancy. The KAO, which provided some capability here, was a
powerful community asset and training ground until it was decommissioned in 1996 to invest in development of the 2.5
m Stratospheric Observatory for Infrared Astronomy (SOFIA). SOFIA should see the first research flights within a year.
It will be operated by NASA, but is being developed jointly by NASA and DLR, and will serve U.S. and German science
communities. While SOFIA will offer continual access to new instruments, and in doing so greatly stimulate technology
development for infrared and submillimeter efforts in general, it is a warm telescope, and will not see most of the sources
that Spitzer detects. The 3.5 m Herschel Space Observatory scheduled for launch in 2007 is also relatively warm and has
a fixed instrument complement. Nevertheless, Herschel will avoid the residual telluric interference that a stratospheric
telescope faces.

Ground-based telescopes at extraordinary sites such as the South Pole and the Chajnantor region of the Chilean Atacama

desert offer performance in narrow submillimeter spectral bands at wavelengths that may perhaps go shortward of 350
microns. This is in narrow windows, however, and within which very significant opacity remains. Such opacity and
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warm optics compromise the performance of these telescopes compared with cold telescopes in space. That these ground
based sites offer near-term opportunities for vastly larger telescopes (e.g. ALMA, APEX, AT-25), however, providing
spatial resolution that exceeds that available in the near term from space, a productive scientific partnership is ensured.

1.4 The SAFIR Vision

It is with this backdrop that SAFIR is proposed. SAFIR is envisioned as a cold 10 m-class observatory facility developed
for operation as early as the middle of the next decade. With an operating temperature near that of Spitzer, it will provide
sky background-limited performance. Its much larger aperture will provide spatial resolution that is three times better
than Herschel and SOFIA, and ten times better than Spitzer, taking full advantage of the rapid increase in focal plane
array formats. SAFIR will offer a tremendous leap in observational capability. For example, the improvement in
mapping speed which is proportional to pixels/sensitivity” will be ~10° over what is achievable now, with two orders of
magnitude more detectors in the focal plane and a point source sensitivity that is two orders of magnitude higher than
Spitzer. While there are several ways that SAFIR could be implemented, the architecture now being developed for the
James Webb Space Telescope (JWST) for launch in 2011 is an existence proof in this regard, since the needs for JWST
and SAFIR overlap strongly. SAFIR is somewhat colder and larger than JWST, but requires a wavefront accuracy that is
10-20 times lower. With Spitzer just launched, and SOFIA and Herschel just ahead, it is clear that the scientific and
technical trajectory that they define points directly at the need for an observatory like SAFIR. This was recognized by the
Decadal panel of the National Academy of Sciences and in the strategic planning efforts of the NASA Office of Space
Science. Developing large, cold, infrared telescopes in space is a key to achieving more scientifically ambitious
missions, such as the SPECS interferometer, and SAFIR should be seen programmatically as part of a broadly focused
mission line. There is a high level of interest in space observatories at these wavelengths, and opportunities for
international collaborations on SAFIR can be considered timely.

I1. SCIENCE GOALS AND SIGNIFICANCE OF SAFIR

We review below several primary science goals of SAFIR to illustrate the breadth and depth of the mission science.
These goals link directly with identified priorities in the strategic plan for the NASA Office of Space Science.

2.1 Making Primordial Stars

Among the most exciting results of the Wilkinson Microwave Anisotropy Probe (WMAP) is the measurement of an
optical depth, and the inference of star formation at z~20. Reionization of the primordial gas by UV photons from these
very first stars is a huge milestone in cosmic evolution, often called the “end of the dark ages.” These first stars make the
first heavy elements (C, N, O, Fe, etc) — “metals” — which profoundly influence subsequent star, galaxy, and planet
formation. Probing reionization will be a key program for future astrophysics missions. Important spectral lines from the
formation of the very first (H, He) stars are emitted at restframe near and mid-IR wavelengths and will be observed in the
mid-IR to submillimeter, where SAFIR’s huge sensitivity offers excellent discovery potential. A major thrust for SAFIR
will be in studying the evolution of primordial stars.

Several recent important results pertain: (1) As the stars form, collapsing clouds are cooled primarily by molecular
hydrogen transitions at 8-30 microns rest wavelength. Redshifted, such lines are in the far-IR and submillimeter. During
collapse, a single such protostar can radiate 10-100 L, in each of the handful of these rotational H, lines. It is estimated
that a large (10" M,) protogalaxy could harbor as many as 10* such protostars at a given time over its 10’ yr dynamical
lifetime. Such a collection could be detectable by SAFIR. (2) The supernova explosion from an initial massive star could
produce overdense shocks in the ISM and reform H,, which can then radiate as much as 10% of the ~10> ergs it
releases. Such an object would outshine the rest of the host galaxy and be detectable with SAFIR.

2.2 When the Universe Made Galaxies

It is now understood that the far-IR and submillimeter sky is strewn with cosmological sources. The powerful infrared
background is dominated by sources unresolved by existing missions. They were only partly resolved, for example, by
ISO. These sources generally have very faint optical counterparts, and are thought to be heavily obscured young galaxies
near the epoch of most intense star and galaxy formation. We know little about these except that they are blue in the
submillimeter, with redshifted luminosity output that peaks at several hundred microns. SAFIR will resolve these
galaxies, image them at their spectral peaks, and measure their photometric and spectroscopic redshifts, luminosities,
physical conditions and star formation rates. With the high spatial resolution that SAFIR offers, we will be able to probe
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